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The Structure of Ap4A Hydrolase
Complexed with ATP-MgFx
Reveals the Basis of Substrate Binding
with a plasmid carrying the gene encoding this enzyme
and another associated gene enhanced the ability of E.
coli to invade erythrocytes 6- to 39-fold, with both genes
being required [5]. Homologs of the protein are present
in the genomes of other pathogenic bacteria, many of
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The University of Melbourne which are invasive, leading to the suggestion that the
enzyme may be a target for the development of novelVictoria 3010
Australia antibacterial agents [7].
Understanding the structure, mechanism, and sub-
strate specificity of Ap4A hydrolases is essential to aid
in the design of analogs of Ap4A as potential therapeuticSummary
agents. To accomplish this, we sought a high-affinity,
nonhydrolyzable substrate analog. Here we report theAp4A hydrolases are Nudix enzymes that regulate in-
solution structure of the stable complex of Ap4A hy-tracellular dinucleoside polyphosphate concentra-
drolase with the substrate analog ATP·MgFx. The struc-tions, implicating them in a range of biological events,
ture of the complex shows significant differences to thatincluding heat shock and metabolic stress. We have
of the free form. Furthermore, despite sharing a commondemonstrated that ATP·MgFx can be used to mimic
fold, the substrate binding sites of the two other pub-substrates in the binding site of Ap4A hydrolase from
lished Nudix enzyme-substrate or substrate analogLupinus angustifolius and that, unlike previous sub-
complexes, MutT [8] and ADP-ribose pyrophosphatasestrate analogs, it is in slow exchange with the enzyme.
[9], bear little resemblance to the current structure.The three-dimensional structure of the enzyme com-
plexed with ATP·MgFx was solved and shows signifi-
Results and Discussioncant conformational changes. The substrate binding
site of L. angustifolius Ap4A hydrolase differs markedly
ATP·MgFx Mimics Ap4A Hydrolase Substratesfrom the two previously published Nudix enzymes,
Ap4A, the preferred substrate for the enzyme, is hy-ADP-ribose pyrophosphatase and MutT, despite their
drolyzed to form ATP and AMP. However, Ap4A hy-common fold and the conservation of active site resi-
drolase (hereafter referred to as Ap4Aase) also efficientlydues. The majority of residues involved in substrate
hydrolyzes Ap4, (ATP  P), Ap5A (ATP  ADP), Ap6A (2 binding are conserved in asymmetrical Ap4A hy-
ATP), and Ap4N (ATPNMP, where N is any nucleoside)drolases from pathogenic bacteria, but are absent in
[10]. The minimum requirement for a substrate thus ap-their human counterparts, suggesting that it might be
pears to be Ap4, with ATP always one of the products.possible to generate compounds that target bacterial,
Interestingly, in the myosin motor domain, ATPase activ-but not human, Ap4A hydrolases.
ity has been demonstrated to be inhibited in the pres-
ence of magnesium and fluoride, presumably by the
Introduction formation of an ADP·MgFx complex that mimics ATP in
the active site [11]. Furthermore, the crystal structure
The Nudix (nucleoside diphosphate linked to x) hy- of the Dictyostelium discoideum myosin motor domain
drolases are a large family of enzymes that function complexed with ADP·BeFx demonstrates that ADP·BeFxto maintain physiological homeostasis by modulating is an analog of ATP in the active site [12], with the
levels of metabolic intermediates, signaling molecules, tetrahedral geometry of the BeFx moiety closely resem-and potentially toxic substances [1]. Consistent with this bling that of ATP -phosphate. As fluoride has been
hypothesis, the genome of the remarkably radiation- demonstrated to be a potent inhibitor of asymmetrical
resistant bacterium Deinococcus radiodurans has been Ap4A hydrolases [13] and ATP is a product of Ap4A hy-demonstrated to contain almost twice as many Nudix drolysis, we propose that the formation of an ATP·MgFxhydrolase genes as that of Escherichia coli [2]. The Nudix complex might be involved in fluoride inhibition, and
enzymes may be subdivided according to their principal may mimic either Ap4 or a transition state in the activesubstrates, for example dinucleoside polyphosphates, site, and that this complex might serve as an appropriate
NADH, and ADP-ribose [3]. We recently determined the substrate analog for structural studies.
structure of one of these enzymes, diadenosine 5,5- To establish likely chemical shift changes observed
P1,P4-tetraphosphate (Ap4A) hydrolase, from Lupinus an- for substrate binding, we initially titrated the enzyme
gustifolius (lupin) [4]. with the Ap4A analog P1,P2-difluoromethylene-P3,P4-The Ap4A hydrolase from the bacterium Bartonella difluoromethylene diadenosine 5,5-P1,P4-tetraphos-
bacilliformis, which has a high degree of sequence ho- phate (ApCF2ppCF2pA) [14] in the presence of saturatingmology to the lupin enzyme [4], has been demonstrated Mg2. In a separate experiment, we titrated the enzyme
to be associated with bacterial invasion [5, 6]. Transfor- with ATP under the same conditions. A comparison of
mation of minimally invasive strains of Escherichia coli
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representative ensemble of 30 structures selected on
the basis of lowest residual restraint violations is shown
in Figure 4B. The structures show a high degree of preci-
sion, have good nonbonded contacts as evidenced by
the low Lennard-Jones potentials, and good covalent
geometry as evidenced by the low deviations from ideal-
ized covalent geometry. Experimental restraints and
structural statistics for the ensemble are shown in Table
1.  strands are observed at residues 8–17 (A), 23–28
(B), 35–36 (C), 39–41 (C), 65–70 (D), 75–78 (D), 97–107
(E), and 126–132 (F).  helices are observed at residues
48–59 (I), 84–90 (II), 136–140 (III), and 146–156 (IV), with
residues 157–159 being 310 helix (Figure 3). These ele-
ments comprise a curved, four-stranded mixed central
 sheet ( strands A, C, D, and E; see Figure 4C), a two-
stranded antiparallel  sheet ( strands B and F), and
with the four helices form an -- sandwich. The sec-
ondary structure elements are similar to those observed
in the free enzyme [4].
Figures 5A and 5B show an overlay of the free and
Figure 1. Chemical Shift Changes Resulting from Ligand Titrations inhibited structures of Ap4Aase.  helix II undergoes a
substantial translation inward toward the center of the(A) Titration with the Ap4A analog ApCF2ppCF2pA (fast exchange).
(B) Titration with ATP (fast exchange). molecule, reducing the size of the binding site. In an
(C) Titration with ATP in the presence of fluoride (slow exchange). overlay of the average structure of the free and com-
All titrations were carried out at 25C using 0.6 mM protein samples plexed forms of the enzyme (overlaid over residues 1–72
in the presence of 20 mM MgCl2. The chemical shift change (	TOTAL) and 96–160 of the average structures), the C atoms ofwas calculated from 2D [15N,1H]-HSQC spectra using 	TOTAL 

helix II (residues 84–90) are translated through an aver-(	N2  	H2)1/2, with 	 in Hz. Where resonances were unable to be
age of 10.8 A˚. In addition, helices III and IV and theirtracked through titration steps, they were excluded from all three
plots. The shift changes shown in (A) and (B) are essentially identical, intervening loop are translated outward from the binding
indicating that the Ap4A analog and ATP bind to the same site on the site to accommodate the substrate (the intervening loop
protein. Similarly, the shift changes observed for the ATP titrations in is translated through an average of 2.5 A˚), while the loop
the absence (B) and presence (C) of fluoride are essentially identical
between strands B and C (residues 28–32) is translated(although the magnitudes are greater in slow exchange), indicating
inward slightly toward the binding site (through an aver-that the ATP binding site is unchanged. The only apparent difference
age of 1.21 A˚). As a result of these changes, side chainsis the additional shift changes observed around residues 116–126
in the ATP·MgFx spectrum, suggesting that this region might be from helix II and from the helix III-helix IV loop are reori-
proximal to the MgFx moiety. ented to form one side of the substrate binding site. The
other side of the binding site is relatively unchanged.
These changes cannot be attributed merely to the calcu-
the resulting shifts verifies that ATP interacts with the lation of the structure in the presence of inhibitor, as (1)
same site as the Ap4A analog (Figures 1A and 1B). In calculations performed without the inhibitor result in the
both cases, the substrates are in fast exchange: a single same structure for the protein, (2) protein intramolecular
set of peaks is observed, the positions of which migrate NOEs are observed that are absent in the free structure
with each titration step. In a third experiment, we titrated (e.g., between Pro80 just prior to helix II and Phe144 in
the enzyme with ATP in the presence of both fluoride the helix III to helix IV loop), and (3) different ring current
and saturating magnesium (Figure 1C). Again, the shifts shift effects are observed in the inhibited structure that
indicate that the binding site is maintained; however, are consistent with the changed positions of aromatic
ATP is in slow exchange: a second set of peaks devel- side chains (e.g., Gln98 HN is observed at 8.50 ppm in
ops, which increases in intensity as the original set dis- the free form and at 6.85 ppm in the complex, where it
appears, reaching completion at an enzyme/ATP ratio of is proximal to the aromatic ring of Tyr77). Away from
1:1. The slow exchange situation is amenable to detailed the adenosine binding site, the only significant change
structural analysis using NMR spectroscopy. is that residues 117–123 appear more ordered in the
inhibited structure (rms devations of 1.35  0.34 A˚ and
Substrate Binding Results in Structural Changes 0.16  0.07 A˚ in the free and complexed forms, respec-
The high quality of the NMR spectra of the Ap4A hy- tively). Indeed, this loop shows chemical shift changes
drolase-ATP·MgFx complex (Figure 2) allowed us to ob- in the presence of ATP·MgFx that are not observed with
tain complete 1H, 13C, and 15N assignments for the protein the difluoromethylene Ap4A analog or with ATP (Figure
using standard heteronuclear techniques. Assignments 1), suggesting that this ordering might be related to the
for the 1H resonances of the bound ATP were achieved binding of the MgFx moiety rather than the inclusion of
using 2D doubly tuned [13C,15N]-filtered experiments. All additional NOEs available as a result of increased sam-
ATP resonances were assigned with the exception of ple concentration. Future protein dynamics studies
the 6-amino group of the adenine ring. should resolve whether this loop is indeed more ordered
The solution structure of Ap4A hydrolase complexed and may also indicate whether the conformation ob-
with ATP·MgFx was determined to high resolution. The served in the presence of ATP·MgFx is actually sampled
in the absence of the substrate.sequence of Ap4A hydrolase is shown in Figure 3 and a
Substrate Binding in Ap4A Hydrolase
207
Figure 2. [1H,15N]-HSQC Spectrum of the
Ap4Aase-ATP·MgFx Complex at 25C
Dashed contour lines are resonances that
have been folded back into the spectrum.
Nonnative N-terminal residues are shown as
negative numbers.
We previously identified 26 residues that were strictly inhibitor binds in a single, stable conformation, facilitat-
ing detailed structural analysis, rationalization of sub-conserved in plant Ap4A hydrolases and related se-
quences from pathogenic bacteria (Figure 3) [4]. Of these strate specificity, and comparison with related struc-
tures. The conformation of the ATP molecule and itsconserved residues, nine are located in the Nudix motif
or have been identified as probable metal ligands, five interaction with the enzyme were constrained by 18 in-
traresidue and 43 ATP-enzyme distances. The nucleo-are involved in interactions with the adenine and ribose
groups in the current structure (see below), eight are side is observed to adopt an anti conformation ( 

149.7  1.1). This can be discerned qualitatively frompossibly important to structural integrity (buried hy-
drophobic residues, or prolines and glycines in turns), the 2D doubly tuned [13C,15N]-filtered NOESY: NOEs be-
tween the adenine H8 and the ribose H2 and H3 areand an additional three are positioned such as to be
able to interact with the phosphate chain. The current stronger than that to H1; NOEs are present between
H8 and the ribose H5 and H5; and the only intraresiduestructure clearly provides a model for substrate binding
in these enzymes. NOEs from H2 are to the ribose H1 and H2. The ribose
exhibits a C3-endo sugar pucker. The positions of the
phosphate groups were not experimentally determined.The Nucleoside Binding Site and the
Conformation of ATP The NOE data are consistent with a single conformation
for the bound ATP molecule. This observation, togetherAs suggested previously [4], the inhibitor binds in the
cleft above the central  sheet. The observation of slow with the chemical shifts resulting from titrations of ATP
and ApCF2ppCF2pA (Figure 1), suggests that only oneexchange and a single set of peaks indicate that the
Figure 3. Sequence Alignment of Animal, Plant, and Bacterial Ap4A Hydrolases
Sequences are, from top to bottom, Homo sapiens [35], L. angustifolius [20], and Bartonella bacilliformis [6]. Secondary structure elements
and numbering are for L. angustifolius as observed in the current study. ^ denotes residues involved in ligand binding in the lupin protein.
Asterisks denote residues previously identified as being strictly conserved in Ap4A hydrolases from plants and pathogenic bacteria [4]. Residues
conserved relative to the lupin protein are shown in dark shading, while conservative substitutions are shown in light shading.
Structure
208
Figure 4. Structure of the Ap4A Hydrolase-
ATP·MgFx Complex
All three representations show the structure
in the same orientation and the five nonnative
N-terminal residues are excluded.
(A) Backbone trace of the mean conforma-
tion. Every tenth residue is numbered.
(B) Stereo view of the 30-member representa-
tive ensemble superimposed over the back-
bone atoms. The five nonnative N-terminal
residues are unstructured and are not shown.
(C) Ribbon schematic showing the secondary
structure.
adenosine interacts significantly with the enzyme, even Rationalization of Substrate Specificity
Several previous studies have investigated substratein the case of diadenosine substrates, and therefore the
second adenosine has no significant interactions with specificity in the asymmetrical Ap4A hydrolase from L.
luteus [15]. The enzyme shows only minimal variationsthe protein.
The adenine ring binds in a largely hydrophobic in activity with the substrates Ap4A (100%), Gp4G (50%),
and Gp4G methylated at positions 2 and 7 of the guano-pocket lined by the backbone of residue 35 and the side
chains of Ile31 and Ala34 on one side, and the backbone sine ring (m2,7Gp4G; 200%). The current structure indi-
cates that position 2 of the adenine ring is highly solventof 140–142, the side chains Val142 and Phe144, and
the hydrocarbon chain of Lys145 on the other. Looking exposed and free of steric limitations to substitution,
while the 6-NH2 group is less exposed and may be in-down the cleft from above the binding site (Figures 5A
and 5C), the plane of the adenine ring runs down into volved in hydrogen bonds to the backbone carbonyl of
Leu140. This suggests that the slightly reduced activitythe cleft at right angles to the side chains interacting
with it. The potentially unfavorable burial of Lys145 is with Gp4G relative to Ap4A might result from changes to
the hydrogen-bonding pattern induced by the substitu-facilitated by extensive hydrophobic interactions with
the adenine ring above and the side chains of Tyr77 and tion to a 6-keto group. N7 of the adenine ring faces the
interior of the cleft; however, there appears to be noTyr149 below. In addition, Tyr149 OH may hydrogen
bond to the -amino group of Lys145 and/or Met37 NH. likely steric hindrance to the addition of a methyl group
at this position. The increase in activity with the sub-Notably, Tyr77, Phe144, and Lys145 are completely con-
served in all known Ap4A hydrolases. One face of the strate m2,7Gp4G suggests that the additional methyl
group at N7 might enhance the hydrophobic interactionribose ring interacts with a largely hydrophobic face
formed by the side chains of residues Phe79, Val83, between the adenine ring and the hydrocarbon chain of
Lys145.Lys86, and Leu87. The other face interacts with the side
chains of Arg28 and Ile31. The Arg28 -guanidino group It has also been demonstrated [16] that mono-2-
deoxyadenylated Ap4A [(2-pdA)Ap4A], despite the bulkymay hydrogen bond to the ribose O3 (and/or the
-phosphate), while the Lys86 -amino group may hy- substitution, is still cleaved in both possible orientations:
two sets of products, ATP  (2-pdA)AMP and (2-drogen bond to the ribose O2. While the position of the
-phosphate group was not experimentally determined, pdA)ATP  AMP are observed at 60% and 40% of the
total, respectively. The comparable efficiency of hydro-the precise determination of the ribose group orientates
it favorably to interact with Arg28 NH2 (to which it may lysis in the two orientations suggests that Ap4A must
bind to the enzyme in such a manner as to be able tohydrogen bond), Gln36 NH2, Gln39 NH2, Tyr77, Trp91,
and Gln98 NH2. A stereo representation of the ligand- accommodate the additional adenine moiety. The cur-
rent structure reveals that the ribose 2 hydroxyl groupprotein interactions is shown in Figure 5C.
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Table 1. Structural Statistics for the Family of 30 Ap4A Hydrolase Structuresa
Experimental restraints
Distance restraints
All 2649
Intraresidue (ligand only) 18
Sequential 764
Short-range 636
Long-range 1186
Interresidue (protein-ligand) 45
Dihedral angle restraints
All 299
φ 123
 108
1 68
Structure statistics
Restraint violations
Mean rmsd from distance restraints (A˚)b 0.0276  0.0011
Mean rmsd from dihedral angle restraints ()b 0.4693  0.0310
Deviation from idealized covalent geometryc
Bonds (A˚) 0.0020  0.0001
Angles () 0.3543  0.0070
Impropers () 0.2332  0.0080
Lennard-Jones energy (kcal mol1)d 656.26  24.61
Ramachandran plot
Most favored regions (%) 83
Additionally allowed regions (%) 17
Rms deviations to the mean structure
All native residues (1–160)
Backbone atoms 0.34  0.09
Heavy atoms 0.77  0.07
Regular secondary structuree
Backbone atoms 0.19  0.03
Heavy atoms 0.67  0.05
Excluding helix II/helix II onlyf
Backbone 0.27  0.05/0.19  0.06
Heavy atoms 0.73  0.05/0.74  0.11
Adenine/ribose moiety heavy atoms 0.22  0.08
a Lowest energy conformers obtained from 100 starting structures.
b Maximum distance and dihedral angle violations were 0.31 A˚ and 3.26, respectively.
c Idealized covalent geometry as implemented within CNS.
d The Lennard-Jones van der Waals energy was calculated using CNS.
e Regular secondary structure is as defined in Figure 3 but excluding helix II.
f ‘Excluding helix II’ is 1–72, 96–160. ‘Helix II only’ is 75–93.
is oriented outward from the binding cleft and shows a structural element unique to the Ap4Aase. In contrast,
significant solvent exposure. The lack of any steric limi- ADPRase, a symmetric homodimer, has two substrate
tation suggests that an additional bulky substituent binding sites that occur at the dimer interfaces. The
could be accommodated without substantial structural adenine ring is contained in a hydrophobic pocket
rearrangement, consistent with the observed cleavage formed by side chains from each monomer. The terminal
patterns. ribose stacks against a proline residue that is conserved
in the Nudix domain of the ADPRase subfamily, but is
positioned in a loop from the opposing monomer [9].Related Enzyme-Substrate Complexes:
The specific interactions bear little resemblance to thatThe ADPRase and MutT Structures
seen for Ap4Aase. The substrate binding site of MutTTo date, the structures of two other Nudix enzymes
also differs substantially from Ap4Aase. In the MutT-complexed to their substrates or substrate analogs have
AMPCPP structure, AMPCPP is observed to bind to abeen published. These are the E. coli ADP-ribose pyro-
hydrophobic face across the central sheet, leaving onephosphatase (ADPRase; Protein Data Bank code 1G9Q)
face of the adenine ring solvent exposed. In each struc-[9] and MutT, an E. coli nucleoside triphosphate hy-
ture, however, the phosphate chain is orientated towarddrolase (Protein Data Bank code 1TUM) [8]. All three
the catalytic helix and the observed or probable locationenzymes share the “Nudix” fold [9], and ADPRase has
of the catalytic metal. Figure 6 shows the structures ofan additional N-terminal domain that is involved in di-
the three enzyme-substrate (or substrate analog) com-merization. Despite the structural homology, the sub-
plexes.strate binding sites appear to vary significantly.
Despite an absence of similarity in the binding sitesThe substrate binding site from Ap4Aase is discussed
of the three enzymes, the adenosine moiety of eachabove. A large part of the enzyme-substrate analog in-
teraction involves the side chains of  helix II (Figure 5C), ligand adopts a similar conformation: anti (
149.7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Figure 5. Conformational Changes Resulting
from Substrate Binding
(A) Overlay of the free and inhibited Ap4Aase
structures with changes shown in red on the
inhibited structure.
(B) As in (A) but viewed from the side.
(C) Interactions between the protein and the
ATP molecule. Residues interacting with the
adenine, ribose, and -phosphate are shown
in magenta, blue, and light green, respec-
tively. Backbone segments interacting with
the adenine moiety are shown in orange.
1.1 with C3-endo ribose pucker for ATP·MgFx bound suggests that the residue is important to the structural
integrity of the enzyme-substrate complex rather thanto Ap4Aase; anti (
143) with C3-endo ribose pucker
for ADP-ribose bound to ADPRase; and anti ( 
 direct substrate binding.
126.5  7.4) with C2-exo, O1-endo ribose pucker
for AMPCPP bound to MutT. Ap4A Binding Differs in Bacterial and Human
Ap4A HydrolasesA search of the Protein Data Bank using the DALI
server [17] revealed that E. coli isopentenyl diphosphate Knowledge of the residues interacting with the substrate
in the lupin Ap4A hydrolase has allowed a comparisondelta-isomerase (IPI; Protein Data Bank code 1I9A) also
possesses a remarkably similar fold to Ap4Aase despite of the equivalent residues in bacterial (Bartonella bacilli-
formis) and human sequences. Of the 15 residues identi-not being a Nudix enzyme and having only 13% se-
quence identity with Ap4Aase over the aligned regions. fied as being involved in the enzyme-substrate analog
interaction, two (Phe144 and Lys145) are strictly con-However, this enzyme does possess a tyrosine residue
(Tyr104) in a spatially equivalent position to Tyr77 in served in all three sequences (Figure 3). More impor-
tantly, eight residues are conserved between the lupinAp4Aase, a residue that is present in all Ap4A hydrolases
[3]. The present study suggests that Tyr77 does not and bacterial enzyme that are absent in the human coun-
terpart. This suggests that the current structure is adirectly interact with the substrate. This, combined with
its presence at structurally equivalent positions in en- good model for the enzyme-substrate interaction in the
bacterial enzyme and furthermore that it might be feasi-zymes with diverse substrates but similar folds, includ-
ing MutT (Tyr73), IPI (Tyr104), and ADPRase (Phe130), ble to develop a therapeutic agent that can discriminate
Substrate Binding in Ap4A Hydrolase
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Figure 6. Stereo View of the Substrate Posi-
tions in Three Nudix Enzyme-Substrate Com-
plexes
The three structures were aligned on the
common catalytic (Nudix) helix and central
four-stranded  sheet. The substrate of each
structure is labeled: L. angustifolius Ap4Aase
with ATP·MgFx; E. coli ADP-ribose pyrophos-
phatase with ADP-ribose (Protein Data Bank
code 1G9Q) [9]; and E. coli MutT with
AMPCPP (Protein Data Bank code 1TUM) [8].
In each structure, the catalytic helix and the
central four-stranded  sheet are also shown.
between human and bacterial Ap4A hydrolases by tar- zymes that cannot be understood simply by analogy to
other Nudix enzymes.geting the nucleoside binding site.
Experimental Procedures
Biological Implications
Sample Preparation
Pure 15N- and 13C,15N-labeled Ap4A hydrolase samples were preparedThe asymmetrical Ap4A hydrolases function to regulate
using a glutathione S-transferase system as described previously [4,intracellular dinucleoside polyphosphate concentra-
19]. The final protein consists of five nonnative N-terminal residuestions and have been linked to cellular invasion by patho-
(GPLGS) and residues 40–199 of the L. angustifolius Ap4Aase genegenic bacteria [6]. Furthermore, the particularly high product [20]. Note that in the text, the numbering begins at the first
resistance to radiation observed for the bacterium Dei- Met residue. The five nonnative N-terminal residues are designated
nococcus radiodurans, which contains an unusually as negative numbers (5, 4, 3, 2, 1). NMR samples (600 l,
0.5–1.6 mM) contained 20 mM 2H-imidazole (pH 6.5), 20 mM MgCl2,high number of Nudix hydrolase genes [2], suggests that
0.02% NaN3, and either 100% 2H2O or 90% H2O/10% 2H2O. Forthese enzymes aid bacterial survival in adverse environ-
determination of substrate exchange regimes, 15N-labeled Ap4Aasements. Ap4A hydrolases have consequently been sug- samples were titrated in 0.1 mM increments with ApCF2ppCF2pAgested as potential targets for therapeutics, particularly and with ATP in the absence and presence of NaF. For structure
if inhibitory Ap4A analogs can be designed which dis- determination, NaF and ATP were present at 20 and 1 the protein
criminate between the bacterial and animal enzymes [7]. concentration, respectively.
Bacterial Ap4A hydrolases have low-sequence homol-
ogy with the human enzyme; however, they do share a NMR Experiments
NMR experiments were carried out at 25C using a Varian 600 Inovahigh degree of homology with their plant counterparts.
spectrometer equipped with a 5 mm 1H, 13C, 15N single z axis gradientThe well-behaved lupin Ap4A hydrolase is thus a good
probe. The ligand exchange regime was monitored via the acquisi-model for the bacterial enzyme.
tion of a 2D [15N,1H]-HSQC spectrum at each titration step. For
The structure of a stable complex of lupin Ap4A hy- structure determination, the following standard experiments were
drolase and the substrate analog ATP·MgFx allows us acquired [21]: 2D [15N,1H]-HSQC, [13C,1H]-HSQC (on 10% 13C-labeled
to understand substrate specificity and to identify the enzyme); 3D CBCANH, CBCA(CO)NH, CC(CO)NH-TOCSY (m 
 18.2
ms), H(CC)(CO)NH-TOCSY (m 
 12.1 ms), HNCO, HNHA, HNHB,residues that are involved in the enzyme-substrate inter-
HACACO, HCCH-COSY, 15N-edited NOESY-HSQC (m
100 ms), andaction. The majority of these residues are conserved
13C-edited NOESY-HSQC (m 
100 ms; 13C carrier set to 36.4 andbetween the lupin and bacterial Ap4A hydrolase se- 124.4 ppm for aliphatic and aromatic experiments, respectively). The
quences, whereas only a small number are conserved following additional experiments were acquired: 2D doubly tuned
in the human enzyme (Figure 3). This suggests that it [13C,15N]-filtered TOCSY and NOESY (m 
100 ms) [22], 1H TOCSY-
might indeed be possible to develop compounds that relayed ct-[13C,1H]-HMQC [23], 3D HACAHB-COSY [24], and
13C-edited, 13C-filtered NOESY-HSQC (m 
 100 ms) [25]. Data wereselectively target bacterial Ap4A hydrolases by ex-
processed using NMRPipe [26] and subsequently analyzed inploiting the differences that this study identifies.
XEASY [27]. 1H chemical shifts were referenced to DSS at 0 ppm;In addition to Ap4A hydrolase, the structures of two 13C and 15N chemical shifts were calculated from the 1H spectrometer
other Nudix enzymes, ADP-ribose pyrophosphatase frequency.
(ADPRase) [9] and MutT [8], complexed with their sub-
strates (or substrate analogs), have previously been Structure Determination
published. The three enzymes bind analogous sub- NOESY crosspeaks were integrated using the peakint function of
XEASY [27]; volumes were converted to distance restraints withstrates—a nucleoside diphosphate linked to some moi-
the CALIBA macro of DYANA 1.5 [28], using expected distances inety—and share a common fold [9], yet their binding
secondary structural elements as a calibration guide. Intramolecularsites are markedly divergent. In addition, unlike Ap4A
restraints for ATP were calibrated to the intensity of the referencehydrolase, neither ADPRase nor MutT shows significant
distance between the H1 and H2 ribose protons (2.9  0.2 A˚) [29].
structural differences between the free and complexed Protein-ligand distance restraints from the edited, filtered experi-
forms [8, 9, 18]. The current structure thus provides ment were calibrated from equivalent NOEs in the 13C-edited NOESY.
Dihedral angles were determined using the following experimentsinsights into the Ap4A hydrolase subclass of Nudix en-
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and procedures:φ restraints for 91 residues were derived from 3JHN M2-AMPCPP-M2 complex and mechanism of its pyrophos-
phohydrolase action. Biochemistry 36, 1199–1211.couplings measured from 3D HNHA spectra while φ, pairs for 98
residues were derived from H, 13C, 13C, 13C, and 15N chemical 9. Gabelli, S.B., Bianchet, M.A., Bessman, M.J., and Amzel, L.M.
(2001). The structure of ADP-ribose pyrophosphatase revealsshifts using the program TALOS [30]. Both sets were entered at
30. Where restraints were determined by both methods and were the structural basis for the versatility of the Nudix family. Nat.
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Accession Numbers
The coordinates and experimental restraints for the ensemble of 30
refined structures of the complex of Ap4A hydrolase and ATP·MgFx
have been deposited in the Protein Data Bank with the accession
code 1JKN. NMR chemical shifts were deposited at the BioMagRes-
Bank (BMRB) under accession number 5054. Note that the database
entries include the five nonnative N-terminal residues (from the fu-
sion partner). Thus, Met1 in this paper is Met6 in the database
entries.
